Based on the relationship between quantified blurring degree of Kikuchi bands obtained by an electron backscattering diffraction (EBSD) technique and macroscopic strains measured by a strain gauge, the local compression strain S EBSD in sinter ore has been evaluated. There is a good linear relationship between the average of S EBSD (denoted by S AVE ) and the strain measured by a strain gauge (S MEAS ).
Introduction
Strength of sinter ore is a very important factor for stable blast furnace operation. Recently a large amount of Goethitic iron ores is imported to Japan due to its low cost and the content of the goethite phase in ore blends is sometimes as high as about 50 %. The use of Goethitic iron ores, however, generally decreases product yield and strength of sinter so that extensive studies have been carried out on sintering behavior of Goethitic ores to improve their properties. [1] [2] [3] Through these works, substantial understanding about goethite ores has been obtained. Further work is required in order to use the ores more effectively, especially to improve the strength of the sinter ore.
Many works on the strength of sinter ore have been carried out. Most of evaluations of the strength were based on their average characteristics obtained by a Shutter index (JIS M8711) or Tumbler index (JIS M8712). These investigations are not enough to clarify the mechanisms of strengthening of sinter ore. The information of local stresses and strains in sinter ore is essentially important to improve the strength of sinter ore. When strains are evenly distributed in sinter ore, macroscopic measurements that average the strain over large region or volume are adequate. The sinter ore is consisted of many phases that have quite different mechanical properties, so that the stress and strain must be localized. In such circumstances, it is necessary to develop a technique to measure local stresses or strains. However, the evaluation of the local stress and strain in a multiphase material such as sinter ore was practically very difficult.
The electron backscattering diffraction (EBSD) technique has undergone significant development in recent years. The technique is most widely used for crystal orientation measurement 4, 5) ; it also provides a powerful tool for phase identification and strain analysis. 6, 7) The majority of EBSD users may observe blurred, low contrast EBSD patterns. This degradation of the pattern quality is caused by the local distortion (bending and tilting) of the lattice planes within the diffracting volume that results from the dislocation piling up within crystal during plastic deformation. The blurring effect can be used to map the local strain distribution within a specimen of interest. 6) The EBSD for strain analysis was mainly applied for metals and that for ceramics or brittle materials were rarely reported. The main purpose of this study is to establish EBSD technique to measure strain distributions in sinter ore. As a first step, the local strain distribution of Fe 2 O 3 phase in sinter ore was evaluated by using EBSD technique.
Electron Backscattering Diffraction 4,5)
Electron backscattering diffraction (EBSD) is a scanning electron microscopy technique that permits measurement of the orientation of grains as small as 0.1 mm. The measuring system consists of a SEM attaching EBSD hardware. EBSD patterns are generated by inelastic interaction of the incident electron beam with the sample, which scatters electrons in a pear-shaped volume. Some of these electrons have the correct angular relationship with the planes for coherent scattering (Bragg diffraction). Because the initial inelastic scattering generates electrons with a continuous range of directions, a number of planes fulfill the Bragg condition. Each plane generates a band of diffracted electron intensity. These bands form a pattern (Kikuchi pattern) that reflects the crystal structure. These patterns can be used to determine the orientation of the crystal. To allow most electrons to leave the sample, it is inclined at 70°from the usual horizontal position. A part of pattern is captured by a low light charge coupled device camera from a phosphor screen, enhanced by frame integration and background subtraction with an image processor, and recorded digitally. The bands were extracted by using Hough transform 6) from recorded images. Depending on pattern quality and symmetry of material, automated band detection and indexing procedure can be employed. A general introduction to EBSD is described everywhere. 4, 5) The measurements of EBSD patterns in this study are generally at 15 kV accelerating voltage and nominal beam current of approximately 10 nA. A carbon coat (approximately 10 nm thick) is necessary to avoid charging of the sample. Some contamination by the electron beam was observed in the secondary electron image. Namely the area hit by electron beam showed dark color and clearly identified from surrounding.
Experimental

Sample Preparation for EBSD Observations
The composition of sinter ore used in the present study is shown in Table 1 . Sinter ore sample was cut into cubic shape (5ϫ5ϫ1 mm) by using a fine diamond cutter. For SEM and EBSP analysis, the surface of sample was polished by using silicon carbide wet polishing papers, then diamond paste and finally colloidal silica (0.1 mm) suspended solution. The polished wüstite samples were applied for carbon coating for SEM and EBSD observation. The thickness of carbon coating was adjusted to about 10 nm. The selected area for measuring was identified by the traces of Vickers indenter. Then the orientation and grain size of each grain were determined by EBSD measuring system. The grain size was defined by a diameter of the circle that has the same area of a particular grain. In this study, the orientation of grain was expressed by Miller indices. After determination of the grain orientations in the selected area, the sample was subjected to compression
Compression of Samples
The sample is subjected to compression by using a handmade system that makes it possible to observe EBSD pattern under compression stress. A schematic diagram of the compression system is shown in Fig. 1 . A sample was set in a compression jig and uniformly strained by driving a screw. The total strain in the sample was evaluated from the signal from the strain gauge attached to the sample. In the present study, strains measured by the strain gauge are called "measured strains". The sample under compression was then placed on a SEM folder. After EBSD observation, the sample was released from the SEM and further compressed for next measurement of EBSD pattern. This process was several times repeated until the measured strain reached to about 0.5 %. EBSD pattern was generally measured at the center part of grains. All measurements were carried out at room temperature.
Results
Phase Identification
Phase identification is easily accomplished by using EBSD technique. 7) A captured EBSD pattern is automatically analyzed by using Hough transform to locate bands and band edges in the pattern. This crystallographic information is used to identify possible phases through the database of powder diffraction files. As a typical example, identified grains of hematite phase in sinter ore by using EBSD is shown in Fig. 2 . The each gray coloured area corresponds to grains of hematite phase. The different colors mean the different orientations. For a convenience, all other phases such as calcium ferrite, magnetite or slags are ex- pressed by black color in Fig. 2. 
EBSD Patterns under Compression
Measured EBSD patterns of Fe 2 O 3 phase in sinter ore under strains are shown in Fig. 3 . All patterns are obtained at the same point. Up to about 0.3 % of strain, it seems that the sharpness of Kukuchi band gradually decays with increase of measured strain. It starts to sharpen again after about 0.3 to 0.4 % of measured strain. This tendency is observed for all compression runs. Cracks are always found after imposing of about 0.3 to 0.4 % of measured strain. Thus the recovery of sharpness of Kukuchi band may reflect the stress release in the sample due to the crack formation. At least up to the measured strain of about 0.3 %, the deformation can be elastic since the strain returns to zero after release of the stress. In other words, the decrease of sharpness of EBSD pattern in this study is caused by the elastic strain.
EBSD technique for measuring strains has been mainly applied for plastic deformation in metals. Plastic strains produce a reduction in contrast and sharpness of Kikuchi bands on EBSD patterns. For elastic deformation in metals, the reduction of contrast and sharpness of Kikuchi bands on EBSD patterns was negligibly small. However, as shown in Fig. 3 , a detectable reduction in contrast and sharpness of Kikuchi bands was observed for Fe 2 O 3 phase in sinter ore under elastic compression. This reduction was used to analyze microscopic strains in the present study.
Discussion
Evaluation of Microscopic Strains
To establish strain analysis by using EBSD patterns, it is necessary to correlate the sharpness of EBSD patterns quantitatively with measured strains. Investigation by Wilkinson and Dingley 9) showed that Fourier analysis of the EBSD patterns was useful since the sharper patterns from undeformed materials contained high frequency intensity variations that were attenuated in the diffuse patterns from deformed material. In the power spectrum, the area under first peak out from the origin was found to become an increasingly large fraction of the total area under 1-D power spectrum as the associated profile across Kikuchi band become more diffuse. A second measure of the pattern quality was the first moment of the 2-D power spectrum about the origin, which was found to decrease approximately linearly with plastic strain. Krieger-Lassen et al., used the second moment of the power spectrum in their pattern quality parameter. 10) Unfortunately all these methods 9, 10) did not work well for the present investigation as the resolution of EBSD patterns band was relatively low. Therefore, an alternative method has been adapted. A typical EBSD pattern is shown in Fig.  4(a) . Brightness distribution across a particular band (line A in Fig. 4(a) is shown in Fig. 4(b) .
The brightness distributions across a particular Kikuchi band without strain and with measured strain of 0.3 % are shown respectively in Fig. 5(a) and Fig. 5(b) . The brightness distribution with strain becomes flattened compared with that without strain due to the diffuse of associated brightness profile across the Kikuchi band. In other words, an area under brightness distribution curve (hatched area) becomes smaller with increase of strain. This decrease of the area with strains has been observed for all grains with various sizes and orientations. Thus the decrease of the area may be used as an index of strain. In the present study, the local strain (S ebsd ) evaluated by EBSD brightness profile change is defined by ln(S 0 /S U ), where S 0 is the area under the brightness distribution curve without strain and S U is that under strain. By this definition, S ebsd increases with increase of compression stress and S ebsd without strain is 0. The values of S ebsd evaluated from the different lines across the same Kikuchi band are found to be almost the same within experimental errors although their S 0 are different. However, the values of S 0 /S U are fluctuated about Ϯ10 % depend on Kikuchi bands. To decrease evaluation errors, the local strain at the measured point (denoted by S EBSD ) has been represented by the average of 5 S ebsd obtained from 5 different Kikuchi bands in the same EBSD pattern.
As a typical example, S EBSD in Fe 2 O 3 phase with the grain size of 12.0 mm as a function of the measured strain of the sample is shown in Fig. 6 . All S EBSD are evaluated at the center of grains. Up to about 0.3 % of the measured strain, S EBSD gradually increases with increase of the measured strain. It starts to decrease after about 0.3 to 0.4 % of the measured strain. As already mentioned, the decrease of S EBSD can be explained by the stress release due to the crack formation. The increase of S EBSD with increase of the measured strain was observed for all measured grains, although there are small differences among them. The average of S EBSD (denoted by S AVE ) for randomly chosen 10 different grains as a function of the measured strain up to 0.3 % is shown in Fig. 7 . There is a good linear relationship between them and is expressed by where S MEAS is the external measured strain. If S EBSD really represents the local strain at the measure point, an average of a large amount of S EBSD must be proportional to S MEAS . Thus the good linear relationship means that S EBSD is possibly used as an index of the local strain.
Distribution of Local Strains in Grains
S EBSD represents the local strain at each measured point in grains. For the grain of 36 mm average diameter under 0.2 % of S MEAS , S EBSD along a line from the grain boundary to the center of the grain are shown in Fig. 8 . S EBSD is gradually decreased with the distance from the grain boundary until it reached to 11 mm. At the position away from the grain boundary of more than 11 mm, it becomes almost constant and nearly eqaul to S AVE . Namely, the local strain mainly concentrates in the region near the grain boundary. The region near the grain boundary is constrained by neibouring grain boundaries so that the local strain concentrates in that region.
Conclusions
A reduction in contrast and sharpness of Kikuchi bands on EBSD patterns measured at Fe 2 O 3 phase in sinter ore has been occurred under elastic compression. The local strain (S EBSD ) in Fe 2 O 3 phase in sinter ore has been evaluated based on quantified blurring degree of Kikuchi bands. From the measurement of S EBSD under various conditions, the following conclusions are drawn;
(1) The average of S EBSD (denoted by S AVE ) is linearly proportional to the measured strain of up to 0.3 % and is expressed by S AVE ϭ1.9S MEAS (2) S EBSD gradually decreases with increase of the distance from the grain boundary until 11 mm and it becomes almost constant at more than 11 mm.
(3) S EBSD is possibly used as an index of local strains and can be measured by using EBSD technique.
Although further work is certainly needed to provide more quantitative information of strain distributions, it can be confirmed that the EBSD technique becomes a promising tool to evaluate microscopic local strains.
